The cost of raw materials has the largest contribution to the final price of biodiesel produced by traditional routes, currently adopted in most industrial scale processes. That contribution comes from the need to use edible and noble oils, with low acidity, such as soybean oil. This work proposes the use of Macauba oil, a vegetable oil in focus in the State of Minas Gerais, Brazil, in which the current extractive yield generates a raw material with high acidity, therefore, not suitable to be used in biodiesel production. To make it technically feasible, a cationic exchange resin, the Purolite CT275DR, was used as a catalyst for esterification reaction with samples of Macauba oil, aiming to reduce its acidity. The resin can be reused, regenerated and easily removed from the reaction product, reducing costs with catalyst and purification stages. As a result of this work, in a sample of oil with an initial acidity of about 10% m/m were achieved acidity reductions up to 97% by using cationic resins as catalyst, demonstrating its potential use in the oil pretreatment step. Additionally, the data collected during all the analysis made it possible to define the chemical kinetic of the esterification reaction.
Introduction


Biodiesel is a renewable, biodegradable and eco-friendly fuel obtained from vegetable oil or animal fat or other source of triglycerides, and which can be used alone or blended with mineral Diesel. The most common route used to produce biodiesel in large scale is the transesterification reaction, in which the triglycerides react with short chain alcohol in the presence of a catalyst, generating glycerol and alkyl ester, the biodiesel [1] .
Approximately 85% of biodiesel production cost is due to the price of vegetable oil used as the source of triglycerides [2] . There are several sources of triglycerides available. Raw materials with low cost are those with high acidity, such as frying oils, not edible oils, and oils extracted from fruits picked from the ground instead of picked directly from the trees. However, such materials have restrictions to be used in the production of biodiesel by transesterification process via alkaline catalysis, the most traditional and consolidated industrial route. This kind of raw material needs a pre-treatment step to reduce the acid content, raising the production costs and consequently the product [3] .
The Macauba (Acrocomiaaculeata) is an oleaginous palm in focus in the state of Minas Gerais, whose extractive harvest classify it as a raw material of high acidity, therefore not suitable for biodiesel production by conventional processes. Macauba oil production may reach 5,000 kg/ha, higher than the soybean oil production, just 375 kg/ha [3, 4] .
The use of oils with high acidity in the biodiesel production via alkaline catalysis results in an undesirable parallel reaction called saponification, in which the free fatty acids react with the catalyst, producing soap. The production of soap causes decrease in production yield and problems related to phase separation. Therefore, in these cases, there must be a de-acidification step before the transesterifications reaction [5] . In the de-acidification step, the free fatty acids can be removed from oil either chemically (caustic neutralization) and physically (removal by steam).
It is the most critical step of oil refining and with the higher cost due to neutral oil losses. In chemical refining, there is an upper limit of oil acidity. High contents of free fatty acids can cause neutral oils losses and effluent generation due to soap formation and emulsification. In physical refining there is no limitation regarding the free fatty acid content. However, this treatment demands too much energy. In addition, undesirable changes may occur in the oil due to the high temperatures used in the process [6] .
Another possibility is the esterification reaction, in which the free fatty acid molecules react with short chain alcohol molecules in the presence of an acid catalyst to produce alkyl ester and water. This process has been applied in some plants, using homogeneous acid catalysts. However, homogeneous catalysts have disadvantages such as the need for a post-treatment process to remove the catalyst, the effluent generation and the impossibility to recover and reuse the catalyst [7] .
In this work, a commercially available cation exchange resin, Purolite CT275DR, is used as heterogeneous catalyst for the esterification reaction of Macauba oil samples with high acidity. The use of cationic resin as heterogeneous catalyst has the advantage of easily removal after esterification and its possibility to be reused in the same process. The aim of this study was to perform esterification experiments to determine the kinetic model of this reaction.
Experiments
To determine the kinetics model and the rate constant of the esterification reaction, samples of Macaubapulp oil internally produced were used, extracted from fruits collected on the campus of the Federal University of Minas Gerais, Brazil, and in a rural area of the state of Minas Gerais, Brazil. The alcohol used in the reaction was 99.5% anhydrous ethanol. Ethanol was chosen as the short chain alcohol due to its renewable source origin and for being widely produced from sugar cane in Brazil.
Esterification and Kinetic Modeling
Five batches of the esterification reaction with the cationic resin as the catalyst were conducted for eight hours each, to determine the kinetic law and the rate constant. All five batches were carried out using the same resin without any washing or regeneration processes to verify the maintenance of its catalytic activity. To determine the kinetic model a sample was collected every hour to measure the conversion of free fatty acids into alkyl esters. This evaluation was performed by determination of the acid number by acid-base titration, and the concentration of ethanol was determined indirectly through the evaporation loss. The Macauba oil used has initial acidity of about 10% by weight of oleic acid.
The cation exchange resin Purolite CT275DR, donated by Purolite representative in Brazil, Kurita LTDA, was used as the esterification catalyst. It is a strong acid cation exchange resin with the polymer matrix of styrene and divinylbenzene and sulfonic acid groups, whose main characteristics are listed in Table 1 and the chemical structure are shown in Fig. 1 .
To determine the kinetic model, the reactions were carried out at the boiling point of the mixture (bath temperature of 85 ºC), with weight ratio of ethanol/oil of 1:1, 20% of resin, related to the components weight (ethanol and oil), during 8 h with sampling every 1 h. These reaction parameters were chosen according to the positive results achieved in Master's degree work completed in 2011 [8] .
Due to the partial miscibility of the components, the process requires a high degree of mixing. However, due to the sensitivity of the resin to mechanical shock, mechanical stirring or by means of magnetic stirring or impellers must be avoid. In this work, the reaction was performed in a rotary evaporator equipment (FISATOM), the condenser and the condensate collector flask were replaced by a Liebig condenser with circulating water. A rotation of 100 rpm was used. This reaction system, from now on called rotatory reactor which is shown schematically in Fig. 2 . The yield of the esterification was monitored by determining the evaporative loss and the acidity, according to the procedure described previously. The triglycerides content was determined using the method of differences.
As the molar amount of ethanol is excessively high, about 60:1 with respect to the free fatty acids, the ethanol concentration may be considered constant during the reaction. The stoichiometry relation of the esterification reaction is 1:1. Therefore, the kinetic model depends only on the concentration of free fatty acids.
The determination of the kinetic model of esterification catalyzed by cationic resin was conducted following the integral method. In this method, a trial and error procedure is used to check the order of the reaction. After the assumption of an order, the differential equation used to model the batch system is integrated. If the assumed order is the real order, the corresponding graph of the integrated equation must be linear [9] . Considering the excess of ethanol, its concentration can be considered constant during the reaction. Hence, the reaction rate will not be influenced by the ethanol concentration. In this case, in a batch reactor at a constant volume, the following molar balance can be used:
(1) where, [A] is the concentration of free fatty acids. The free fatty acid consumption rate, r, obeys the following kinetic model:
(2) where, k is the rate constant, which the unit will depend on the reaction order, and is the reaction order.
Determination of the Fatty Acid Composition
To determine the fatty acid composition of the degummed Macauba oil, gas chromatography detection was performed according to the following procedure. The analyses were conducted using a gas chromatographer with a flame ionization detector (GC-FID). For injection of the samples, hydrolysis was performed, followed by methylation of the oils. For this purpose, approximately 10 mg of oil was 
Determination of the Ethanol Content
The determination of the ethanol content was carried out indirectly by determining the evaporative loss, gravimetric method traditionally used by Fiat Chrysler Automobiles in Brazil, to determine the ethanol content in oil samples. The samples were placed in Petri dishes in the amount of 1 to 2 g and weighed on an analytical balance. After that, the samples were maintained in an oven with air circulation at 80 °C for 60 min. After evaporation, the solvent amount is estimated by mass loss of the samples.
Results and Discussion
The fatty acid composition of Macauba pulp oil is presented in Table 2 .
The concentration of free fatty acids during the esterification was monitored by determining the acidity and the concentration of ethanol. Macauba oil samples used in the five batches had initial acidity close to 10% by weight of oleic acid. Figs 3 and 4 show the free fatty acids consumption and the percent reduction of free fatty acids during eight hours of reaction, respectively, in five batches, with each batch sequentially conducted using the same resin.
The results indicate that there is no significant reduction of catalytic activity of the resin, which keeps efficient for all batches. As Macauba oil samples showed slightly different initial acidity, Fig. 4 is composed of a normalization of these values, dealing with acidity reduction instead of the free fatty acids contents. In the Fig. 4 , it is evident the maintenance of the catalytic activity of the resin. The differences in yield are due to the natural variability of the experimental procedure.
It is observed that in the first hour there is a rapid drop in acidity. After that, the acidity starts to decrease more slowly. As expected, this initial rapid consumption of free fatty acids may be associated with the initial availability of active sites on the resin and the largest driving force for the reaction due to the higher concentration of free fatty acids. By means of the integral method of analysis of the reaction order, it was found that the five batches presented a pseudo-first order behavior, as showed in Figs. (5-9) .
Considering a pseudo-first order reaction, the rate constant, k, is given by the slope of ln(C A0 /C A ) vs. time. Hence, through the experimental data and the linear regressions, the average rate constantis 0.3245 h . With the kinetic model in hands, it is possible to obtain important results related to reactor projects and process simulation and process optimization. For instance, it is possible to calculate the residence time necessary to achieve certain conversion of the free fatty acids content into alkyl esters and to determine the reactor volume necessary to achieve this conversion. 
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